A new experimental method is presented in which single small gas bubbles are generated in a liquid from a submerged orifice using pulsed ultrasound waves. Pulsed ultrasound waves having a frequency of 15 kHz and a maximum pressure amplitude of approximately 10 kPa are irradiated to a bubble growing from an orifice. Single air bubbles ranging from approximately 0.05 to 0.2 mm in radius are obtained in silicone oil (kinematic viscosity: 1 mm 2 /s) by using two orifices (0.02 and 0.04 mm in diameter) and by shifting the onset of the detachment-assistance pressure wave. The bubble deformation and detaching processes were visualized and analyzed using high-speed video imaging and direct numerical simulation. Consequently, it is revealed that the bubbles are forced to elongate upward due to the fast oscillatory flow of gas through the orifice, and the elongation causes the bubbles to detach from the orifice. The size of the bubbles at detachment is well estimated by employing a common spherical bubble formation model.
Introduction
Microbubbles are widely utilized in many industrial applications such as drag reduction in ships, contrast agents in ultrasound diagnostics, and mass transportation in chemical reactors. In order to investigate the physical and chemical effects of microbubbles, a generator of bubbles in the submillimeter range that has the ability to control the bubble radius and generate frequencies with high precision is in high demand.
In general, non-condensable gas bubbles are generated by supplying gases through submerged orifices or needles. However, it is extremely difficult to generate bubbles whose sizes are in the sub-millimeter range by simply supplying gases.
Consider a bubble generated from an orifice submerged in a quiescent liquid. Generally, the primary force causes the bubble to detach from the orifice is the buoyancy force. On the other hand, the surface tension force acting along the perimeter of the orifice, the viscous drag force, and the liquid inertia force all act against the buoyancy force and restrain the bubble at the orifice. When the rate of gas flow into the bubble is sufficiently small, a quasi-steady bubble formation occurs and the surface tension is the only restraining force (1) (2) . With an increase in the gas flow rate both the viscous drag and the inertial forces gradually become dominant (1)(3) (4) . For the bubble to overcome these restraining forces, its diameter should be significantly greater than that of the orifice at the time of bubble detachment. In quasi-steady bubble formation, where the gas flow rate tends to zero, the bubble experiences only the buoyancy and surface tension forces; hence, the detached bubble radius is
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where d is the diameter of the bubble injection orifice, ρ l and σ are the density and surface tension coefficient of the liquid, respectively, and g is the acceleration due to gravity. For instance, in the case of an air bubble generated in silicone oil (ρ l = 1000 kg/m 3 , σ = 20 mN/m), a bubble with R=50 μm can be generated by using an orifice with d = 80 nm; the creation of such an orifice is very difficult using the conventional mechanical machining. In order to obtain bubbles in the submillimeter range, certain external forces have to be applied in order to advance the detachment of the bubble from the orifice. In most previous studies, strong liquid flows around a bubble were utilized as the external force (1)(5) (6) . This strong external liquid flow, however, makes it very difficult to control the position of the detached bubble. Kariyasaki et al. (7) produced bubbles by applying pulsed acoustic pressure waves in a gas phase, which were generated by a loudspeaker. The advantages of this method are its simple configuration and the ability to operate without an external liquid. In addition, they discovered that the inflow and out-flow of gases through the orifice promote the detachment of the bubble; this discovery allowed us to gain some insight into the control of bubble generation. However, because gases have low acoustic impedance, it appears to be difficult to generate a sufficiently high frequency and amplitude of pressure fluctuation that are required for the generation of very small bubbles. Without employing a strong liquid flow, Makuta et al. (8) generated a series of tiny bubbles by immersing a gas-supplying needle in a liquid with the application of a standing ultrasound field.
In this study, we develop a generator for single tiny bubbles using pulsed ultrasound waves in a liquid phase. We develop experimental equipments with which we are able to apply the pulsed acoustic wave with a frequency of 15 kHz and an amplitude of approximately 10 kPa into a submerged orifice. The formation and detaching motion of bubbles are observed using a high-speed video camera. In addition to this experiment, the sizes of detached bubbles are estimated using a simple spherical bubble formation model. Furthermore, the detailed shape of a growing bubble was simulated by computational fluid dynamics using the level set method (12) - (15) . The simulation provides us with a physical insight into the mechanism of the bubble detachment in this bubble generation method. Figure 1 shows the idealized drawing of the bubble formation in the present method. Initially, the static gas pressure below the orifice is set to be lower than the critical pressure over which the bubbles are generated continuously. Then, small and short (time duration of approximately 0.1 ms) negative pulses are applied in the liquid phase such that the negative pressure disrupts the pressure equilibrium on the gas-liquid interface and causes the formation of a bubble. Hereafter, we call this initial negative pressure as "initiation-assistance pressure wave." After the waiting period of T d (see Fig. 1 ), which is of the order of 0.1 ms, a wave packet consisting of several periods of sinusoidal ultrasound waves is applied. The bubble undergoes expansion and contraction in response to the pressure fluctuation. This volume oscillation of bubbles promotes gas flow into and out of the bubbles. As a result of the gas flow, the bubble deforms and finally detaches from the orifice. Hereafter, we call the sinusoidal pressure fluctuation as "detachment-assistance pressure wave."
Experimental setup

Principle of bubble generation method
Bubble generator
The present bubble generator is a common acoustic resonator in which an orifice plate is incorporated. Figure 2 shows the schematic diagram of the bubble generator. The resonator Science and Technology consists of a hollow acrylic housing and a hollow cylindrical piezoelectric transducer mounted at the bottom of the housing. Signals for driving the transducer are generated by a function generator (NF Electronic Instruments, WF 1946A) and amplified through a power amplifier (NF Electronic Instruments, 4025). A gas chamber is placed upstream of the orifice, and the pressure inside the chamber is precisely controlled using a pressure controller (Druck, DPI 520).
Measurement system
In the acoustic resonator, an acoustic field that is symmetric about the axis of the resonator is formed. This axisymmetric acoustic field enables us to measure the acoustic pressure equivalent to the pressure at the orifice by using a pressure transducer (Kulite, XCQ-062-25A) placed at the same position about the axis of symmetry and at the same height as that of the orifice.
The bubble formation process is captured by using a high-speed video camera (Shimadzu, HPV-1, framing rate: 500,000 frames/s) and the detached bubble is captured by using a still camera (Nikon, D100). In each imaging process, xenon flash (for high-speed imaging: Nisshin, SA-200F; for still imaging: SUGAWARA, MS-220) was used as a backlight. In addition, bellows were placed between the macro lenses and cameras in order to magnify the image. The resolution of an individual pixel in each image was 6.5 μm/pix for the high-speed video camera and 1.6 μm/pix for the still camera.
Experimental results
Experimental conditions
The liquid used in the experiments is silicone oil (Shinetsu, KF96L-1) whose kinematic viscosity is 1.0 mm 2 /s, and air is used as gas.
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Vol. The main experimental parameters that determine the bubble sizes are the gas pressure inside the gas chamber, the time duration T d (see Fig. 1 ) between the initiation-and the detachment-assistance pressure wave, and the acoustic pressure amplitude P A . Before applying acoustic pressure, the gas pressure inside the chamber was reduced by 0.1-1.0 kPa from the critical pressure necessary to initiate the bubble formation. The frequency of the detachmentassistance pressure wave was kept constant at 15.0 kHz, and the value of P A was defined as the root-mean-square value of the time dependent pressure fluctuation. In addition, two different orifices with diameters of 0.02 and 0.04 mm were used.
Based on the abovementioned conditions, an acoustic field with a wavelength of 60 mm along the axis of symmetry of the resonator was formed. This acoustic field had pressure nodes at the free surface of the liquid and antinode at the top of the orifice plate, while the pressure distribution in the radial direction was not formed. Figure 3 shows a typical example of bubble formation with the initiation-assistance pressure wave. Here, the diameter of the orifice was 0.04 mm. Except in the initial stage (∼ 0.33 ms), the bubble grows almost spherically. Around 2.8 ms, the capillary bridge connecting the bubble with the orifice is found to be squeezed and subsequently the bubble detaches from the orifice. After the detachment, the bottom of the bubble moves upward due to the restoring force of surface tension, which results in an upward liquid motion and the corresponding generation of secondary bubbles (3.000 ms). The secondary bubble is absorbed by the leading one (3.056 ms). Finally, the radius of the detached bubble becomes approximately 0.3 mm.
Bubble formation process
The next case shows the bubble formation using the same orifice, as shown in Fig. 3 , but with the detachment-assistance pressure wave; the observation result is shown in Fig. 4 . Here, T d is 0.1 ms. In contrast to the previous case, the bubble undergoes the volume and shape oscillation, and it exhibits a marked vertical elongation. In order to investigate the mechanism responsible for this elongation, the equivalent bubble radius, R, and the height of the center of mass from the orifice, s, are measured by employing image processing ( Fig. 4  (d) ). By comparing the time variation of acoustic pressure (Fig. 4 (c) ) with that of the radius of the bubble (Fig. 4 (d) ), it is found that both the fluctuations have the same frequency. The volume oscillation and deformation are, therefore, caused by the detachment-assistance pressure wave. Figure 4 (d) also demonstrates that s becomes larger than R under the acoustic wave. In other words, the bubble that has an initially oblate shape is forced to be prolate. The radius of the detached bubble in this case is approximately 0.1 mm, which is one-third of that in previous case where no detachment-assistance pressure wave is applied.
With the detachment-assistance pressure wave, it takes approximately 0.5 ms from the initiation to the detachment of the bubble. This formation time is shorter than that necessary for a bubble to have sufficient buoyancy (3 ms; see only one bubble for one detachment-assistance pressure wave.
Effect of volume and shape oscillations
The effect of volume and shape oscillations on the bubble formation is investigated. T d was fixed at 0.1 ms and P A was varied from 1.0 to 6.5 kPa. Some typical results are shown in Fig. 5 . This figure shows that the formation process is mainly classified into the following three types.
( 1 ) The forcing is so weak that the bubble is not detached (Fig. 5(a) ). In this case, the radius of the detached bubble is almost the same as that obtained only with the initiationassistance pressure wave (Fig. 3) .
( 2 ) Only one bubble is detached under the influence of the detachment-assistance pressure wave (Fig. 5(b) , (c)).
( 3 ) The bubble is so deformed that it ruptures into several portions ( Fig. 5(d) ). These findings can be summarized as follows: in order to generate a small bubble, it is necessary to apply an acoustic wave whose amplitude is just enough to detach the bubble from an orifice.
Critical Weber number
In the previous studies on continuous bubbling (9) (10) , it was clarified that there exists a critical gas flow rate through the orifice over which a transition from "bubbling" to "jetting" occurs in the flow regime. The transition was found to occur when the upward gas momentum Science and Technology force F m overcomes the downward pressure force F p due to pressure difference between the gas-liquid interface and the surface tension force F s that acts along the edge of the orifice (9) .
Here ρ g is the gas density, u o denotes the mean velocity of the gas flow through the orifice, and p b and p l are the pressure of gas and liquid phase, respectively. If we represent the pressure difference (p b − p l ) by the Laplace pressure 2σ/R (R: radius of the bubble) and assume that the transition to jetting occurs when these three forces are balanced, that is, when F m + F p = F s , we can obtain the critical Weber number We crit ;
Here the We is defined as
In previous experimental studies, We crit was found to lie between 1 and 3 to a constant gas supplying rate (9) (10) .
In Fig. 6 , the critical Weber number defining the bubble detachment obtained in the present study is plotted as a function of the equivalent bubble radius just before the onset of the detachment-assistance pressure wave R 0 . Here, the mean velocity of gas flowing through an orifice u o is determined by using the experimentally obtained radius and the radial velocity of bubble as follows:
Furthermore, the characteristic velocity in We is defined as the time average (per each period) of the absolute value of the instantaneous gas velocity given in Eq.7, e.g., < |u o | >. It should be noted that < |u o | > differ from each other in each period because the bubble formation is transient. We therefore apply the maximum value of the predefined gas velocity, < |u o | > max , in the definition of We. The We crit in fig. 6 is plotted against R 0 . The results are classified into two categories-when the bubble was detached during the application of the detachment-assistance pressure wave ( ), and when it was not detached ( • ).
In Fig. 6 , it is shown that the critical We required for bubble generation in the present method is approximately 3, which is in accordance with the critical We obtained under the constant gas supply. We thus conclude that it is the transition from bubbling to jetting in the flow regime that causes the upward elongation and the corresponding detachment of the bubble in the present method. Table 1 . Table 1 Experimental parameters in Fig. 7 . Figure 7 shows the effect of T d on the radius of the detached bubble. We used two different orifices having diameters of 0.02 and 0.04 mm. Under the present experimental conditions, we obtained single bubbles of approximately 0.05 to 0.2 mm in radius. Figure 7 clearly shows that we can control the detached radius by changing either T d or the orifice diameter. Each plot in this figure describes the mean radius of 11 bubble samples. The standard deviation for each set of bubble samples is about the resolution of imaging (several micrometers) and thus the repeatability of bubble generation is excellent.
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Radius of detached bubble
Estimation of time-varying radius of bubble
Spherical bubble formation model
During its formation, the bubble undergoes nonspherical deformation as described above. However, before the detachment-assistance pressure wave the shape of the bubble is almost spherical, and its radius is almost the same as that just before the detachment-assistance pressure wave; this implies that under the influence of detachment-assistance pressure, the net gas flow into the bubble is small. We therefore evaluate the applicability of a spherical bubble formation model (11) in order to estimate the gas flow rate into a bubble.
We first assume that the gas inside the bubble is incompressible since the gas velocity u o is of the order of 10 m/s. The incompressible gas velocity through the orifice of diameter d is given in Eq.7.
As liquid is also incompressible, the response of the bubble radius to the time-varying external liquid pressure is expressed by the following Rayleigh-Plesset equation:
Here μ l signifies the dynamic viscosity of a liquid. The gas pressure inside the bubble p b is obtained from the orifice equation
where p c denotes the pressure inside the gas chamber. In the above orifice equation, C g is the coefficient of pressure loss through the orifice, and it is expressed with the loss due to inlet h i nlet and the friction along the orifice wall as follows:
It should be noted that the C g is generally correlated by the empirical factor κ. For fully developed laminar flow, the friction coefficient λ can be described as Here, ν g is the kinematic viscosity of a gas. Typical Re in the present study is of the order of 10.
We evaluate the time evolution of R using Eq. (8) with the experimentally obtained liquid pressure. In the calculation, we assumed that the gas chamber was much larger than the bubble, due to which p c was kept constant; h inlet is 0.5 when the gas flows from the orifice to the bubble (u o > 0), while h inlet was 0.05 when the gas flows from the bubble to the orifice (u o < 0). In addition, we used the correction factor κ = 0.74, which was found to provide the best estimation after several trials and errors. Figure 8 shows the comparison between the numerically estimated and the experimental results of the time evolution of the equivalent bubble radius. The numerical estimations were performed using the following experimental conditions: d = 0.04 mm, P A = 3.3 kPa, and T d = (i) 0.1, (ii) 0.2, (iii) 0.3 and (iv) 0.4 ms. The four arrows in this figure show the start time of the detachment-assistance pressure wave for the four cases of different T d . For comparison, the time evolution of the bubble radius without the detachment-assistance pressure wave (the images of which have already been shown in Fig. 3 ) is also plotted as the dashed line.
Calculation result
Until the start times indicated by arrows in Fig. 8 , the time variations of the radius through cases (i) to (iv) correspond to each other as well as to the case without the detachmentassistance pressure wave (dashed line). This is because the bubbles grew almost spherically before the detachment-assistance pressure wave, and, as is clearly shown by the present spherical bubble formation model, the experimental results are well estimated using the simple spherical model.
After the start time, the spherical model further underestimates the experimental results as T d increases (from (i) to (iv)). While the spherical mode was dominant in case (i), higherorder modes of bubble deformation appeared as T d increased. In the present model, the effect of such higher-order deformation modes was not taken into account, which results in less quantitative estimation. However, the model well estimates the qualitative averaged radius even when the bubbles are acoustically excited.
From the discussion in the previous and present chapters, we summarize that, in order to properly obtain a bubble using the present method, the model estimation can be utilized to determine the amplitude of acoustic excitation with which the We goes beyond the critical value (around 3). It is worth noting that by using this simple model we are also able to estimate the approximate bubble radius. Science and Technology Vol.3, No.1, 2008 Fig . 9 Selected pictures of bubble shape in Fig.4 , showing the deformation in (left) an expanding phase and (right) the following contracting phase. 
Nonspherical bubble deformation
Experimental observation
We discuss the effect of acoustically driven expansion and contraction of bubbles on bubble detachment. Figure 9 shows a consecutive expansion and contraction phase of bubbles corresponding to 0.284∼0.346 ms in Fig. 4 . The bubble surfaces shown in Fig. 9 were obtained from images taken with a high-speed video camera and were smoothed using spline functions. In the expansion, remarkable elongation at the top of the bubble is found. This elongation continues, though slightly, even in the following contraction. In addition, the bottom of the bubble, which lies on the orifice plate in the expansion, rises toward the axis of symmetry in the contraction. These elongations occurring at the top and rising at the bottom of the bubble surface contribute to the net upward motion of the bubble center and finally result in the detachment of bubbles. As shown in the experimental observations above, the bubble deformation significantly affects the upward motion of the bubble center. In order to gain insight into the mechanics of this bubble deformation process, we simulated this process by computational fluid dynamics using the level set method.
Method of direct numerical simulation
The level set method is the method for describing the moving boundary in a fixed computational domain by a signed distance function (12) . The signed distance function represents the minimum distance from the boundary, whose signs (positive or negative) indicate the difference in phases (e.g., gas or liquid) separated by the boundary. The dynamic motion of the boundary can be determined from a solution of a time-dependent equation which governs the signed distance function in the computational domain. The level set method is now widely used in computer simulations of free-surface flows (13)(14)(15) because of its simplicity and robustness. The motion of an immiscible gas bubble in a liquid is simulated as a time-dependent incompressible flow (13) (15) . The governing equations are the Navier-Stokes equations for twophase flow, in which the variation in the density and viscosity of the fluids as well as the surface tension at the bubble surface are incorporated (15) . An advection equation for the signed distance function ("the level set equation") is also solved to track the movement of the bubble surface.
We assume that the motion is axysmmetric. The governing equations are discretized on two-dimensional fixed staggered cells.
A projection MAC method (13) is used to solve the discretized NS equations. A second-
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Vol. 3, No.1, 2008 order ENO scheme (15) is used to discretize the advection terms. A second order central differentiation is used to discretize the viscous terms. A semi-implicit scheme is used in time advancement in which the viscous terms are estimated implicitly by an approximate factorization (AF) method (16) and the other terms are estimated using a second-order AdamsBashforth method. The pressure-Poisson equation, which is used to obtain divergent-free flow fields throughout the calculation, is solved by a stabilized bi-conjugate gradient (BiCGSTAB) method (17) .
A second-order Adams-Bashforth method is used in the time advancement of the level set equation. A second-order ENO scheme (15) is used to discretize the advection terms. After solving the level set equation, the computed distance function is corrected by a re-initialization procedure (14) (15) in order to indicate a true distance throughout the calculation. Volume conservation of the bubble is established by a simple correction technique (14) .
Numerical conditions
The density ρ, viscosity μ and surface tension coefficient σ are equal to those used in this experiment. Figure 10 shows the computational domain in this calculation. We calculated the evolution of a bubble by the gas inflow through an orifice, which is placed on the bottom wall in the computational domain. The gas volume flow rate through the orifice Q(t) is set to be equal to the volume change of the bubbles in the experiment. The bottom wall excluding the orifice is set to be a no-slip wall. The side wall is set to be a slip wall. A convective outflow condition is applied to the top wall. The domain is 0.25 mm in the r-direction and 0.5 mm in the zdirection. A uniform spacing Δr = Δz = 0.625 mm is applied to decompose the computational domain. The total number of the computational cells is 400 × 800 = 320,000.
Calculation results and discussions
In the present bubble formation, gas flows oscillatory through the orifice, and hence, strictly speaking, the radial profile of the gas velocity at the orifice u(r) should be timedependent. However, in the present calculation, we assumed that the profile is always uniform, and the effect of gas momentum, including the effect of radial velocity profile, was simulated by changing the mean gas velocity, which was achieved by changing the orifice diameter d under the same gas flow rate Q(t).
One of the calculation results is shown in Fig. 11 . The gas flow rate used in the simulation is shown in Fig. 11 (a The pressure and velocity fields in the (a) expansion and (b) contraction phases are plotted in Fig. 12 . These two phases are selected from Fig. 11 (c) , where d = 0.026 mm.
It is clearly shown in Fig. 12 that the gas flowing into the bubble hardly diffuses and reaches to the apex of the bubble. The stagnant pressure at the apex reaches 8 kPa in the expansion phase. This pressure rise due to the gas momentum overwhelms the Laplace pressure due to the surface tension (2σ/R ∼ 0.4 kPa). As a result, the upper part of the bubble is elongated upward.
In the contraction phase, however, only some amount of the gas in the lower part of bubble is sucked out, and the gas at the upper part of the bubble is almost stagnant. It is the liquid inertia gained in the expansion phase that counteracts the sucking of gas from the upper region of bubble in the contraction phase. From the pressure and velocity fields obtained via direct numerical simulation, along with the bubble deformation, we confirm that the oscillatory gas flow has significant influence on bubble deformation.
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Finally, we discuss the effect of the force arising from the incident sound field (primary Bjerknes force) F a on the bubble detachment. As previously mentioned in subsection 3. 1, the acoustic field is formed along the vertical direction; the acoustic field of wave length λ a =60 mm has an antinode at the orifice plate (z = 0 mm) and a node at free surface (z = 15 mm). If the acoustic pressure distribution p(z, t) and bubble radius R(t) are described as follows p(z, t) = p 0 + P A cos(kz) cos(ωt),
R(t) = R 0 {1 − ε cos(kz) cos(ωt − θ)} ,
the force due to the acoustic pressure F a is approximated by neglecting the higher-order terms (19) .
F a = − 3 4 kV 0 P A ε sin(2kz) cos θ.
Here, p 0 denotes the static pressure of the liquid, P A is the acoustic amplitude, k(= 2π/λ a ) is the wave number, and ω is the angular frequency of the incident sound field. In addition, R 0 and ε refers to the initial bubble radius and the amplitude of the radial oscillation of the bubble normalized by R 0 , respectively. Furthermore, θ is the phase difference between the sound field and the bubble oscillation, and V 0 denotes the bubble volume V 0 = N) acting on the same bubble. We thus conclude that the dominant force that contributes to detaching the bubble in the present method is the gas momentum force; the contribution of the force due to incident acoustic field is small.
Conclusion
The pulsed acoustic field in the liquid phase is utilized to initiate bubble formation and to promote bubble detachment from the submerged orifice. The formation process of the bubble,
